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The role of maternal obesity in the
risk of neuropsychiatric disorders
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Recent evidence indicates that perinatal exposure to maternal obesity, metabolic
disease, including diabetes and hypertension, and unhealthy maternal diet has
a long-term impact on offspring behavior and physiology. During the past three
decades, the prevalence of both obesity and neuropsychiatric disorders has rapidly
increased. Epidemiologic studies provide evidence that maternal obesity and metabolic
complications increase the risk of attention deficit hyperactivity disorder (ADHD), autism
spectrum disorders, anxiety, depression, schizophrenia, eating disorders (food addiction,
anorexia nervosa, and bulimia nervosa), and impairments in cognition in offspring.
Animal models of maternal high-fat diet (HFD) induced obesity also document persistent
changes in offspring behavior and impairments in critical neural circuitry. Animals exposed
to maternal obesity and HFD consumption display hyperactivity, impairments in social
behavior, increased anxiety-like and depressive-like behaviors, substance addiction, food
addiction, and diminished cognition. During development, these offspring are exposed
to elevated levels of nutrients (fatty acids, glucose), hormones (leptin, insulin), and
inflammatory factors (C-reactive protein, interleukin, and tumor necrosis factor). Such
factors appear to permanently change neuroendocrine regulation and brain development
in offspring. In addition, inflammation of the offspring brain during gestation impairs
the development of neural pathways critical in the regulation of behavior, such as
serotoninergic, dopaminergic, and melanocortinergic systems. Dysregulation of these
circuits increases the risk of mental health disorders. Given the high rates of obesity
in most developed nations, it is critical that the mechanisms by which maternal obesity
programs offspring behavior are thoroughly characterized. Such knowledge will be critical
in the development of preventative strategies and therapeutic interventions.
Keywords: metabolic programming, attention deficit hyperactivity disorder, autism spectrum disorders,
schizophrenia, mood disorders, eating disorders
Introduction
A third of women in the United States are obese (Ogden et al., 2012). Obesity not only
leads to negative health consequences for the woman, but also for her child. The perinatal
environment plays a crucial role in programming the normal development of a child’s metabolic
Abbreviations: 5-HT, serotonin; ADHD, attention deficit hyperactivity disorder; AgRP, agouti-related peptide; ASD, autism
spectrum disorder; BMI, body mass index; DA, dopamine; GWG, gestational weight gain; HFD, high-fat diet; IL-1β,
interleukin-1β; NHP, nonhuman primate; MC4R, melanocortin receptor subtype 4; POMC, proopiomelanocortin.
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and mental health. Exposure to maternal obesity, excessive
gestational weight gain (GWG), maternal metabolic disorders
(diabetes, hypertension, and pre-eclampsia), and an unhealthy
maternal diet adversely impact the behavior and physiology of
children (Brekke et al., 2007; Olson et al., 2009; Stice et al.,
2011; Maftei et al., 2015). Considering the concomitant rise in
the prevalence of obesity and neuropsychiatric disorders (Boyle
et al., 2011; Olfson et al., 2014), it is critical to understand
the relationship between the two. Importantly, the increase
in neuropsychiatric and neurodevelopmental disorders is likely
due not only to maternal obesity, but also factors such as
advancement in diagnostic tools and increased awareness. It
should also be noted that obesity, excessive weight gain, and
metabolic disorders during pregnancy are likely mediated not
only through direct action on energy balance, but also through
indirect effects of stress and mental health on food intake and
physical activity. Epidemiological studies revealed that maternal
obesity is a risk factor in the development of mental health
disorders. However, due to constraints with studies involving
humans, they failed to provide a causative link. Little is known
about the role of excessive GWG, maternal metabolic disorders,
and an unhealthy maternal diet on the development of mental
health disorders. Animal models of maternal obesity, produced
via high-fat diet (HFD) consumption, showed increased risk of
behaviors associated with mental health disorders in offspring.
Biological mechanisms potentially mediating these behavioral
disorders include elevated systemic levels of nutrients (fatty acids,
glucose), hormones (leptin, insulin), and inflammatory markers
(C-reactive protein, interleukin, and tumor necrosis factor).
These factors pass through the placenta into fetal circulation,
producing permanent changes in offspring neuroendocrine
regulation and neural development. In the developing offspring
brain, inflammation impairs the establishment of neural circuits
critical in regulating behavior, such as the serotoninergic
(5-HT), dopaminergic (DA), and melanocortinergic systems.
Impairments of these circuits increase the risk for developing
mental health disorders.
This review has two main goals. First, we summarize studies
that provide evidence for maternal obesity as a major risk factor
for the development of mental health disorders in offspring. Each
section highlights a different mental health disorder, presenting
the relevant human and animal literature. We focus on the
role of maternal obesity, excessive GWG, maternal metabolic
disorders, and an unhealthy maternal diet on the development of
mental health disorders in offspring, with a special emphasis on
neurodevelopmental and neuropsychiatric disorders (Table 1).
These disorders include attention deficit hyperactivity disorder
(ADHD), autism spectrum disorder (ASD), anxiety, depression,
schizophrenia, substance addiction, eating disorders (such as
food addiction, anorexia nervosa, and bulimia nervosa), and
cognitive impairments. Animal literature examines the role
of maternal obesity (produced via HFD consumption) and
impairments in offspring behavior, utilizing various models
and behavioral assays (Table 2). Second, we discuss potential
mechanisms by which maternal obesity programs behavior by
impairing the development of neural circuitry, including 5-
HT, DA, and melanocortin. The identification of risk factors
that program mental health disorders in offspring, originating
from impairments in the mother’s metabolic intrauterine
environment, will aid in the development of preventative
strategies and therapeutic, dietary interventions.
Evidence from Human and Animal Studies
Indicates that Maternal Obesity Impacts
Offspring’s Risk for Neurodevelopmental
and Neuropsychiatric Disorders
Maternal Obesity as a Risk Factor for ADHD
ADHD is the most common neurodevelopmental disorder in
the United States and is typically diagnosed during childhood
or adolescence. ADHD is characterized by hyperactivity,
cognitive impairments (problems with memory and focus), and
impulsivity. According to the Center for Disease Control and
Prevention, approximately 11% of children were diagnosed with
ADHD in 2011 (Visser et al., 2014). The most recent estimate
indicates that the prevalence of ADHD has risen by 33% (Visser
et al., 2014) from 2003 to 2011. There is a substantial gender
bias in ADHD with boys being twice as likely than girls to be
diagnosed (Visser et al., 2014). Children with ADHD experience
complications including poor academic performance, difficulties
in peer relationships, substance abuse, unintentional injuries,
and increased risk for delinquency (Hurley and Eme, 2004;
Loe and Feldman, 2007). The increasing rate of ADHD and
its comorbidity with other behavioral disorders present major
challenges to the affected families and the nation’s education
and health care systems. Here, we discuss the evidence for
maternal obesity, excessive GWG, maternal metabolic disorders,
and an unhealthy maternal diet as potential risk factors
for ADHD.
Research from three human studies indicates a link between
maternal obesity and ADHD in children (Rodriguez et al., 2008;
Rodriguez, 2010; Chen et al., 2014). Obese mothers had a two-
fold increased risk of having a child with ADHD than their
non-obese counterparts (Rodriguez et al., 2008). In addition,
children of obese and overweight mothers displayed an increase
in the severity of teacher-rated ADHD symptoms (inattention
and difficulty dealing with emotions) than those of normal-
weight mothers (Rodriguez, 2010). More recently, a Swedish
study replicated these findings and demonstrated that obese
and overweight mothers had children with an increased risk
of ADHD (Chen et al., 2014). This association remained after
adjusting for demographics (offspring sex, birth order, and
maternal age). However, when familial factors, such as shared
environment and genetics were controlled for this association
was lost. Future work is needed to fully evaluate the role
of familial factors in the link between maternal obesity and
offspring ADHD risk. Animal research provides support that
maternal obesity increases the risk of behaviors associated with
ADHD.Mousemodels of obesity, induced byHFD consumption,
demonstrated that female offspring display decreased sociability
(a key characteristic of ADHD) in a 3-chamber social interaction
test, while male offspring display hyperactivity in an open field
test (Kang et al., 2014). In summary, these studies provide
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TABLE 1 | Summary of human research demonstrating that maternal obesity increases the risk for mental health disorders.
Child outcome Maternal factor References Study design
ADHD symptomology/Risk Pre-pregnancy BMI Rodriguez et al., 2008 Cohort
Rodriguez, 2010 Cohort
Chen et al., 2014 Cohort
Buss et al., 2012 Cohort
GWG Rodriguez et al., 2008 Cohort
Gestational diabetes & SES Nomura et al., 2012 Cohort
Schmitt and Romanos, 2012 Survey; Cohort
Dietary intake of omega-3 fatty acids Field, 2014 Case-control
ASD risk/Severity of symptoms Pre-pregnancy BMI Krakowiak et al., 2012 Case-control
Reynolds et al., 2014 Cohort
Moss and Chugani, 2014 Cohort
Dodds et al., 2011 Cohort
Bilder et al., 2013 Case-control; Cohort
GWG Dodds et al., 2011 Cohort
Bilder et al., 2013 Case-control; Cohort
Diabetes, hypertension, or pre-eclampsia Krakowiak et al., 2012 Case-control
Dodds et al., 2011 Cohort
Lyall et al., 2012 Cohort
Wallace et al., 2008 Cohort
Anxiety/depression risk Pre-pregnancy BMI Rodriguez, 2010 Cohort
Van Lieshout et al., 2013 Cohort
Colman et al., 2012 Cohort
Schizophrenia risk Pre-pregnancy BMI Jones et al., 1998 Cohort
Schaefer et al., 2000 Cohort
GWG Kawai et al., 2004 Case-control
Pre-eclampsia/hypertension and diuretic treatment Dalman et al., 1999 Cohort
Eide et al., 2013 Cohort
Sorensen et al., 2003 Cohort
Food addiction BMI 5 months post-delivery Rising and Lifshitz, 2005 Cohort
Intake of sweets during pregnancy Brekke et al., 2007 Cohort
Anorexia nervosa/
Bulimia nervosa risk
BMI 6 months post-delivery
Disordered eating
Stice et al., 1999 Cohort
Intake of sweets during pregnancy Lamerz et al., 2005 Survey
Risk of cognitive impairments Pre-pregnancy BMI Hinkle et al., 2012 Cohort
Tanda et al., 2013 Survey; Cohort
Neggers et al., 2003 Survey
Heikura et al., 2008 Cohort
Brion et al., 2011 Cohort
Craig et al., 2013 Case-control
Abbreviations: ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; BMI, body mass index; GWG, gestational weight gain; SES, socioeconomic status.
evidence thatmaternal obesity is a risk factor for the development
of ADHD and increased severity of ADHD symptomology in
children. Studies that are able to elucidate the role of genetics and
shared environment in this association are necessary. Moreover,
the mechanisms by which maternal obesity increases a child’s
ADHD risk, such as epigenetic changes, need to be examined.
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TABLE 2 | Summary of animal research demonstrating that maternal obesity leads to impairments in offspring behavior.
Offspring behavior Maternal factor Reference Species Experiment
Hyperactivity HFD consumption Kang et al., 2014, mouse Open field test
Sociability HFD consumption Kang et al., 2014, mouse 3-chamber social interaction test
Attenuated sociability impairments Choline consumption Langley et al., 2014, mouse 3-chamber social interaction test
Anxiety-like behavior HFD consumption Kang et al., 2014, mouse Open field test
Sullivan et al., 2010, nonhuman primate Novel object test
Bilbo and Tsang, 2010, rat Morris water maze; elevated plus maze
Sasaki et al., 2013, rat Elevated plus maze; Open field test
Depressive-like behavior HFD consumption Can et al., 2012, rat Porsolt swim test
Giriko et al., 2013, rat Porsolt swim test
Substance addiction HFD consumption Bocarsly et al., 2012 , rat Intermittent ethanol access test
Morganstern et al., 2013, rat Operant response to nicotine
Naef et al., 2008, rat Locomotor response to nicotine
Food addiction HFD consumption Bayol et al., 2007, rat Intake test
Vucetic et al., 2010, mouse Food preference test
Naef et al., 2011, rat Operant response to fat
Cognition HFD consumption Tozuka et al., 2010, mouse Barnes maze
Abbreviations: HFD, High-fat diet consumption.
Excessive GWG and maternal metabolic disorders are also
thought to impact the child’s risk of ADHD. Two studies have
examined the role of excessive GWG and risk for ADHD in
children. A 2008 study found that mothers who were overweight
and gained a large amount of weight during pregnancy showed
a two-fold increased risk of their children displaying ADHD
symptoms, such as hyperactivity and inattention (Rodriguez
et al., 2008). However, another study found this association
was lost after adjusting for impaired cognitive function in
children (Buss et al., 2012), suggesting that excessive GWG
also impacts offspring cognitive development and that deficits
in cognition may partially mediate the GWG-ADHD link.
Maternal metabolic disorders are also postulated to be associated
with ADHD risk in children. Two studies have examined the
impact of gestational diabetes mellitus on the development of
ADHD in children (Nomura et al., 2012; Schmitt and Romanos,
2012). Both studies found that children of diabetic mothers
had higher rates of ADHD symptoms. Offspring exposed to
gestational diabetes mellitus had impairments in inattention but
not in hyperactivity/impulsivity scores (Nomura et al., 2012).
In families with low socioeconomic class, gestational diabetes
increased offspring’s risk for ADHD by 14-fold. However, this
study had a relatively small sample size and relied on self-
reported gestational diabetes diagnosis thus should be interpreted
cautiously (Nomura et al., 2012). A second study with a larger
sample size was able to confirm these findings (Schmitt and
Romanos, 2012). The limited and conflicting findings of studies
examining excessive GWG, maternal metabolic disorders, and
risk for ADHDdemonstrate the need for future studies that better
track weight gain and metabolic disorders during pregnancy.
There is limited evidence on the impact of an unhealthy,
maternal diet on offspring ADHD risk. However, recent evidence
indicates that a maternal diet deficient in omega-3 fatty acids
increases risk for ADHD. This case control study identified
deficient omega-3-fatty acid levels as a nutritional risk factor for
ADHD (Field, 2014). Multiple causes for this deficiency were
proposed to originate from either variation in the amount of
fatty acid metabolism genes, differences in the level of fatty
acid intake necessary for normal development between sexes,
impaired placental transport of long-chain polyunsaturated fatty
acids, particularly docosahexaenoic acid and arachidonic acid,
which are critical for the development of the fetal central nervous
system. This deficiency in omega-3-fatty acids may be mediated
through impairment ofmaterno-fetal long chain polyunsaturated
fatty acid transport in women with gestational diabetes (Larqué
et al., 2011). Omega-3-fatty acid supplementation may represent
a promising dietary intervention. However, the degree to which
gestational diabetes affects fatty acid transfer from the mother to
the developing child needs to be clarified.
Maternal Obesity as a Risk Factor for ASD
ASD encompasses a wide spectrum of developmental disorders
characterized by impaired social skills and includes restricted
or repetitive interests and activities. The cognitive abilities of
those with ASD can vary greatly from extremely high functioning
and gifted, to severely challenged. The prevalence of ASD has
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increased 30% over the last decade (Wingate et al., 2014). As
with ADHD, there is a gender bias in ASD diagnosis, with males
being 5 times more likely than females to be diagnosed. ASD
not only places a severe emotional strain on families, but is
an economic burden as well. Importantly, early diagnoses and
interventions are critical as they improve long-term outcomes
and reduce lifetime costs to the patient and family (Horlin et al.,
2014). Here, we will discuss the evidence for perinatal metabolic
and nutritional risk factors for ASD.
Three human studies provide evidence of a link between
maternal obesity and ASD in children (Krakowiak et al., 2012;
Moss and Chugani, 2014; Reynolds et al., 2014). Krakowiak and
colleagues were the first to demonstrate that maternal obesity
increased risk of ASD diagnosis and developmental delay in
children (Krakowiak et al., 2012). This finding was supported
by a study reporting that maternal obesity increased the risk
of ASD diagnosis in toddlers (Reynolds et al., 2014). Maternal
obesity was also linked to a delay in language skills in this
study. Other studies have demonstrated an indirect relationship
where maternal obesity increased the likelihood of low birth
weight, which was associated with a two-fold increased risk
of ASD diagnosis (Moss and Chugani, 2014). In a large-scale
population based study, Dodds et al. observed that maternal
pre-pregnancy weight greater than 90 kg was a risk factor for
offspring developing ASD (Dodds et al., 2011). These findings
were not in agreement with a study by Bilder and colleagues,
where excessive GWG, not pre-pregnancy BMI, increased risk for
ASD in children (Bilder et al., 2013), indicating interplay between
GWG and maternal obesity on a child’s ASD risk. The majority
of studies demonstrate that maternal obesity is a risk factor for
ASD diagnosis and developmental delay in children. However,
these studies are largely underpowered, and several occurred in
non-US populations in the 1970s and 1990s, with obesity being
much less prevalent. Also, most of these studies suffered from
methodological limitations including large attrition (Hinkle et al.,
2013; Moss and Chugani, 2014), sampling biases for control
groups (Stein et al., 2006; Krakowiak et al., 2012), reliance on
parental report to evaluate past exposure and current offspring
diagnostic status (Stein et al., 2006; Hinkle et al., 2012, 2013;Moss
and Chugani, 2014), lack of statistical power (Stein et al., 2006),
and inability to adjust for confounders (Stein et al., 2006; Dodds
et al., 2011). Despite these shortcomings, the results point to an
aversive impact of maternal obesity on developmental outcomes,
including ASD and other delays.
The role of excessive GWG on ASD risk in children has only
been examined by two studies. Dodds et al. showed that GWG
greater than 18 kg presented an increased risk for ASD in children
(Dodds et al., 2011). The analysis of both cohorts in the study
conducted by Bilder et al. demonstrated that GWG of over 11 kg
was associated with risk of ASD in children (Bilder et al., 2013).
Four studies have examined the relationship between maternal
metabolic disorders and the risk for ASD in children. Krakowiak
et al. found positive associations with gestational diabetes,
hypertension, and pre-eclampsia and ASD risk (Krakowiak et al.,
2012). These metabolic disorders were associated with an even
greater risk of developmental delays (Krakowiak et al., 2012).
Diabetes, in particular, was associated with verbal developmental
delay. In a large cohort study, maternal complications, including
gestational diabetes and hypertension, were associated with
an increased risk of ASD in children (Lyall et al., 2012).
Wallace et al. showed that gestational hypertension and pre-
eclampsia, but not gestational diabetes, were associated with
increased severity of ASD symptoms (Wallace et al., 2008). Dodds
et al. showed that gestational diabetes and hypertension were
positively correlated with ASD diagnosis (Dodds et al., 2011).
The findings of the few existing studies demonstrate the need for
future studies to better track weight gain during pregnancy and
the interaction between pre-pregnancy body weight and optimal
GWG need to be examined. Also, the limited evidence that
exists indicates that diabetes and hypertension during pregnancy
may increase the risk for ASD and developmental delays in
children.
To date, two human studies have directly examined the fatty
acid composition of the mother’s diet on the child’s ASD risk.
The first study found that intake of high levels of omega-6
fatty acids, such as linoleic acid, reduced the risk of having a
child with ASD by 34% (Lyall et al., 2013). The second case
control study identified deficient omega-3-fatty acid levels
as a nutritional risk factor for offspring ASD (Field, 2014).
Interactions between pre-existing maternal psychopathology
and breastfeeding were also identified as potential risk factors
for ASD (Field, 2014). In rodent models, maternal HFD
consumption resulted in deficits in social behavior in female
offspring (Kang et al., 2014) and choline supplementation during
pregnancy alleviated deficits in offspring social interaction
(Langley et al., 2014). Further studies investigating the impact of
maternal diet on offspring ASD risk are warranted. Moreover,
the protective effects of supplementation with omega-3 and
omega-6 fatty acids need to be investigated. If initial findings
are supportive, omega-3 and 6 fatty acid supplementation
could be encouraged as a cost-effective prophylactic
for ASD.
Maternal Obesity as a Risk Factor for Anxiety
and Depression
Anxiety and depression are among the most common
neuropsychiatric disorders in children and adolescents in
the United States. Anxiety is diagnosed as persistent worry or
fear that leads to impairment of daily life, whereas depression
is characterized by dysphoria. The prevalence of anxiety and
depression is 8% in children and adolescents and continues
to rise (Eapen and Crncec, 2012). Complications associated
with anxiety and depression, include poor social interactions,
strained familial relationships, and negative self-worth (Dweck
and Wortman, 1982; Strauss et al., 1989; Bernstein et al., 1996;
Masi et al., 1999). Here, we will discuss the evidence for perinatal
metabolic and nutritional risk factors for anxiety and depression.
Research has demonstrated a link between maternal obesity
and the development of anxiety and depression in children and
adolescents, which have been examined in a total of three studies.
Maternal pre-pregnancy BMI increased the risk of disrupted
emotions (e.g., fear and sadness) and has also been associated
with increased internalizing behaviors (behaviors associated with
withdrawal and depression) in children (Rodriguez, 2010; Van
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Lieshout et al., 2013). These findings suggest that maternal
obesity is involved in the disruption of emotions. In support
of this finding, but in a more indirect manner, another group
demonstrated that maternal obesity increases the likelihood
of low or high birth weight (Nohr et al., 2008; Djelantik
et al., 2012; Gavard and Artal, 2014), which is also correlated
with development of anxiety and depression in adolescents
(Colman et al., 2012). Additionally, in adults, a gender bias
has been observed in these disorders with the association
between obesity and anxiety being stronger in women than
men (Desai et al., 2009) suggestive of an interaction between
sex and metabolic hormones. More research is needed to
examine whether a gender bias is also observed in a younger
population. However, it has proven to be difficult to diagnose
children. These children are still developing, thus symptoms
may go unnoticed as they are attributed to developmental
changes. Furthermore, children with anxiety and depression
do not express any physical symptoms further impairing
diagnosis.
Rodent research provides further support that maternal
obesity (induced via HFD consumption) increases anxiety-like
behavior in offspring; however, it disagrees as to the sex affected.
Presently, three major rodent studies exist. The Morris water
maze, commonly used to assess anxiety-like behavior, exploits
a rodents’ natural desire to escape from water. Swim speed
indicates how motivated an animal is to escape, a measure of
stress level. Male HFD offspring displayed more anxiety-like
behavior than females in this test (Bilbo and Tsang, 2010). They
swam faster in the Morris water maze, indicating increased
motivation to escape. In the elevated plus maze, rodents have
an innate tendency to hide from predators by spending most of
their time in the dark and avoiding bright open spaces. Male HFD
offspring spent less time in the open arms of an elevated plus
maze relative to controls, indicating increased anxiety. Female
offspring displayed increased anxiety-like behavior, regardless
of maternal diet, in the Morris water maze and elevated plus
maze. Sex differences can be attributed to the behavioral test
administered. In one study, female offspring made fewer entries
into the open arms of an elevated plus maze, whereas male
offspring spent less time in the center of an open field test (Sasaki
et al., 2013). In another study, female HFD offspring displayed
anxiety-like behavior, as they made less visits to the center of
an open field test, whereas the males were hyperactive (Kang
et al., 2014). Additionally, two rodent studies have indicated that
maternal HFD increases depressive-like behavior, as offspring
spent less time swimming and climbing in the Porsolt swim test
(indicating less escape attempts) (Can et al., 2012; Giriko et al.,
2013). However, these studies only examined male offspring.
Future rodent studies need to use the same maternal diet
composition/duration, behavioral assay, sex and age of offspring
to be able to compare across studies. Despite inconsistencies in
sex, the benefit of using rodent models is they are cost-effective,
yield a large sample size, and provide insight into the mechanism
involved.
Our laboratory has developed a nonhuman primate (NHP)
model of diet-induced obesity. NHPs are an important model
as they develop the full spectrum of metabolic disease, express
complex social behaviors, and have similar development of
the brain as humans. A major strength of our model is that
we can assess the impact of maternal diet and metabolic
status, independently, on the development of mental health
disorders (McCurdy et al., 2009). We found that maternal HFD
consumption and obesity increases anxiety-like behavior in
female offspring, as demonstrated by a greater latency to touch
a potentially threating novel object (Sullivan et al., 2010). Male
HFD offspring displayed increased aggression during the human
intruder test used to assess temperament. There was a gender
bias with females being more prone to anxiety-like behavior and
males being more prone to aggression, which is consistent with
evidence found in humans (Archer, 2006; Desai et al., 2009).
These studies provide initial evidence that maternal diet and
obesity is involved in the development of anxiety and depression
in offspring, specifically with respect to difficulty regulating
emotions. The role of additionalmaternalmetabolic impairments
on the development of anxiety and depression remain
unstudied.
Maternal Metabolic State and Risk for
Schizophrenia
Schizophrenia is a disabling disorder characterized by
hallucinations or delusions, disorganized speech, flat affect,
and impairments in cognition. The prevalence of schizophrenia
is on the rise (Stevens et al., 2014). The majority of studies
demonstrating that maternal metabolic state impacts offspring
risk of developing schizophrenia originate from historical
famine events. Developmental exposure to malnutrition was
first linked to schizophrenia risk in a classic study conducted
on individuals who suffered from the Dutch Hunger Winter in
1944–1945 (Stein et al., 1975). In Western countries, obesity,
instead of famine is believed to impact risk of schizophrenia.
Here, we discuss the evidence for perinatal metabolic factors for
schizophrenia.
Six human studies have indicated a link between maternal
obesity and schizophrenia. A case control study found a 24%
increase in schizophrenia risk for every BMI unit increase during
early pregnancy and 19% during late pregnancy (Kawai et al.,
2004). Two cohort studies reported a two-fold increased risk
for schizophrenia in offspring with an elevated maternal BMI
(Jones et al., 1998; Schaefer et al., 2000). Schaefer et al. examined
a cohort of approximately 19,000 births from 1959 to 1967 in
Alameda County, California. Their findings showed a three-fold
increased risk of schizophrenia with an elevated maternal BMI
(Schaefer et al., 2000). The other study focused on a Finnish
cohort of approximately 11,000 participants either born on or
after 1966 (Jones et al., 1998). Their findings showed a two-
fold increased risk of schizophrenia with an elevated maternal
BMI, though this association was no longer evident after gender,
social class, and age of mother at conception were controlled
for (Jones et al., 1998). It is especially important that maternal
age is controlled for in these studies as advanced maternal age
is associated with increased maternal body weight and increased
risk of offspring developing neurodevelopmental disorders.
These studies provide preliminary evidence that maternal obesity
may be a risk factor for offspring developing schizophrenia.
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Additional cohort studies that examine more ethnically diverse
study populations and control for important socio-demographic
factors are needed to determine the broad translatability of these
findings.
The role of maternal metabolic disorders (gestational
diabetes, hypertension, and pre-eclampsia) and offspring risk
of schizophrenia has been examined in four studies. A
positive association between maternal pre-eclampsia and risk
for offspring schizophrenia was reported in two studies
(Dalman et al., 1999; Eide et al., 2013); with one study
reporting a 2.5-fold risk (Dalman et al., 1999). A positive
association between maternal hypertension and schizophrenia
was demonstrated in a third study (Sorensen et al., 2003).
The risk of schizophrenia increased four-fold in offspring of
mothers with hypertension treated with diuretics (Sorensen
et al., 2003). Importantly, it is unclear if the higher risk is
due to the increased severity of hypertension that required
diuretic treatment or to gestational exposure to the diuretic
itself. Lastly, preliminary evidence indicated that mothers of
offspring with schizophrenia were seven times more likely to
have diabetes during pregnancy. However, due to the small
sample size and high variability between groups this was
not statistically significant (Jones et al., 1998). Despite, a few
studies alluding to an association between altered metabolic
states, like diabetes and pre-eclampisa, and offspring’s risk of
schizophrenia, additional research is needed to fully understand
mechanisms contributing to schizophrenia. Furthermore, no
animal research has been conducted. These studies provide
preliminary evidence for an association between maternal
obesity and schizophrenia. Limited evidence also indicates that
maternal metabolic disorders may be a risk factor for developing
schizophrenia.
Maternal Obesity as a Risk Factor for Substance
Abuse and Addiction
In the United States, substance abuse is a major parental concern.
Often beginning early in life, substance abuse is characterized
by a maladaptive pattern of substance use that causes distress.
Chronic substance abuse can lead to addiction that manifests as
the loss of control over drug intake (binge), negative symptoms if
drug is removed (withdrawal), and constant worry that impairs
daily life (Koob et al., 2008). Notably, two out of three high
school students have consumed alcohol (Johnston et al., 2015).
Further, the prevalence of substance abuse is 8% in adolescents
(Rowe, 2012). This high rate of substance abuse leads to medical
complications ranging from acquisition of sexually transmitted
diseases up to death caused by overdose or accidents (Schulte
and Hser, 2014). Here, we discuss the evidence for maternal
obesity as a risk factor for substance addiction in offspring.
The lack of human studies forces us to rely on the animal
literature.
No single animal model can fully represent human addiction,
rather each experimental animal model mimics a different
aspect of the disease, e.g., acquisition phase (recreational
substance use), escalation phase (substance abuse), extinction
phase (abstinence), and reinstatement phase (relapse) (Robinson,
2004). Using rodent models, three studies have examined the
link between maternal obesity and risk for substance addiction
in offspring. One group utilized an intermittent ethanol-access
schedule adapted from food addiction studies (12 h ethanol
access per day) to induce an ethanol binge (Bocarsly et al.,
2012). Adult offspring from mothers that consumed a HFD
during gestation exhibited an increase in ethanol intake relative
to control offspring, indicating increased susceptibility to ethanol
binging. Employing assays more commonly used in substance
addiction, one group examined the influence of maternal HFD
consumption on operant responses to nicotine (Morganstern
et al., 2013). Maternal HFD offspring displayed enhanced
operant responses to nicotine during acquisition (using fixed-
ratio and progressive-ratio schedules of reinforcement) and
escalation demonstrating increases in the rewarding properties of
nicotine. An unexpected diminished response was found during
reinstatement. This diminished response may be attributed to
the development of tolerance after chronic substance use due
to downregulation of nicotinic receptors. This hypothesis is
supported by previous research that maternal HFD offspring
had a diminished locomotor response to chronic treatment with
the stimulant amphetamine (Naef et al., 2008). However, this
story is not straightforward as maternal HFD offspring also
have a diminished locomotor response to acute amphetamine
treatment. The animal literature provides evidence that an
unhealthy maternal diet impairs the rewarding properties of
substances of abuse in offspring. Further research is needed to
examine why maternal HFD selectively targets addiction phases,
the directionality of the effect, and the underlying mechanisms
involved. The paucity of human studies on substance abuse
and addiction should not be interpreted as a lack of effect.
Additional clinical research is needed to better characterize the
effect of maternal obesity, excessive GWG, maternal metabolic
disorders, and an unhealthy maternal diet on the development
of substance abuse and addiction. This will help assess the
translational utility of animal models involving substance
addiction.
Maternal Obesity as Risk Factor for Food
Addiction
The number of papers published on food addiction has risen
dramatically from 53 articles in 2003 to 279 in 2013, a five-fold
increase. The growing interest in food addiction has been sparked
by ongoing debate as to whether or not it should be classified
as an addiction (Avena et al., 2012; Ziauddeen et al., 2012).
Consequently, only two studies exist in the human literature
that have examined the link between maternal obesity and food
addiction in children and infants. Using a laboratory setting,
one group found that infants of obese mothers had a drive to
overeat food with a high carbohydrate content in comparison to
infants from normal-weight mothers (Rising and Lifshitz, 2005).
However, no differences were observed in the consumption of
food with a high protein or fat content. Another group examined
the influence of a mother’s unhealthy diet during pregnancy on
food intake, food choice, and meal patterns in children (Brekke
et al., 2007). The drive to overeat sweets in children was positively
correlated with the mother’s overconsumption of sweet foods.
Children were introduced to sweets earlier (25 days earlier) and
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were allowed to eat sweets more frequently (more than 1 or 2
times per week) than children with mothers that did not overeat
sweets. These children also consumed less healthy food (fruit
and vegetables). These studies provide evidence that maternal
obesity and diet program a drive to overeat food in offspring.
However, these studies used food frequency questionnaires that
are prone to errors (Kristal et al., 2005). Additional human
studies that examine maternal and offspring diet using 24-
h recall to examine the impact of maternal diet on offspring
food addiction are warranted. More studies are also needed to
investigate the association between maternal obesity, maternal
metabolic disorders, and excessive GWG on food addiction in
offspring.
Evidence from three rodent studies provides further support
that maternal obesity increases the risk of food addiction in
offspring. An earlier study demonstrated that rat offspring
whose dams consumed a “junk food” diet (ranging widely in
content from potato chips to marshmallows), during gestation
and lactation, and who themselves consumed a “junk food”
diet after weaning, had a drive to overeat this same diet in
comparison to control offspring (Bayol et al., 2007). However,
the diversity of ingredients in this “junk food” diet prevents
identification of the specific food(s) mediating this programming
effect. A later study where dams were fed a more controlled-
diet high in fat content, during gestation and lactation, found
that offspring had a drive to overeat palatable food high in
sugar and fat content (Vucetic et al., 2010). Moreover, one
study examined whether maternal HFD alters the rewarding
properties of food using a protocol typically used to study
drug addiction. This study found that maternal HFD offspring
displayed enhanced operant responses to fat (using fixed-ratio
and progressive-ratio schedules of reinforcement), but not to
sucrose (Naef et al., 2011). This is the first study to identify that
an unhealthy maternal diet enhances the rewarding properties of
food. Future studies will be needed to replicate this finding and
to better characterize the addiction phases targeted by maternal
HFD.
Maternal Obesity as Risk Factor for Anorexia and
Bulimia Nervosa
Children and adolescents may suffer from eating disorders, such
as anorexia nervosa and bulimia nervosa. Anorexia nervosa is
characterized by restriction of food intake, low body weight,
and fear of gaining weight. Bulimia nervosa is characterized by
recurring episodes of binge eating and compensatory behavior
to reduce weight gain. A recent study conducted in Australia
asserted that the prevalence of eating disorders is higher than
previously believed (Allen et al., 2013) with a clear gender bias
for females (females = 10–15%, males = 3–4%). Particularly
troubling, eating disorders have the highest mortality rate of all
neuropsychiatric disorders (Harris and Barraclough, 1998). We
briefly discuss two studies that examine the influence of maternal
obesity as a risk factor for eating disorders in children. In a
preliminary study, one group demonstrated that maternal obesity
(at 6 months post-delivery) predicted the onset of inhibited
and secretive eating over the first 5 years of a child’s life
(Stice et al., 1999). This behavior indicated that the children
experienced elevated worry concerning weight gain. In addition,
this group reported that maternal eating patterns (bulimic
symptoms, disinhibited eating, hunger, and body dissatisfaction)
were associated with the onset of secretive eating in children.
Therefore, the children could have modeled their eating patterns
after their mothers. A cross-sectional study conducted in
Germany also found that children whose mothers suffered from
binge eating had a six to seven-fold increased risk of developing
binge and night eating (Lamerz et al., 2005). These studies suggest
that maternal obesity and eating patterns influence the onset
and risk for disordered eating behavior in children. However,
when these studies were conducted standardized tests were not
yet established; thus neither study used standardized assessments
to examine the children’s eating patterns. Future studies should
replicate these experiments using standardized questionnaires,
such as the EatingDisorders Diagnostic Interview later developed
by the same research group [Stice et al. (Rohde et al.,
2015)], to improve reliability and validity. The influence of
excessive GWG, maternal metabolic disorders, and unhealthy
maternal diet on the development of eating disorders remains
unknown. Considering, no animal research has been conducted
on this topic, studies utilizing activity-based anorexia or binge-
eating models should be performed in order to compare with
human studies and elucidate the mechanisms that underlie this
relationship.
Maternal Obesity as Risk Factor for Cognitive
Impairments
Maternal obesity has been associated with cognitive impairments
in offspring. Children of obese mothers were reported to have
decreased cognitive and language scores (Hinkle et al., 2012).
A recent study confirmed this finding by demonstrating that
maternal obesity was associated with a reduction in child’s
reading and math scores on standardized tests after intrauterine,
family background, maternal, and child factors were controlled
for (Tanda et al., 2013). These findings were further supported
by a study by Neggers et al. that demonstrated an association
between maternal obesity and a reduction in offspring IQ in
a low socioeconomic African American population (Neggers
et al., 2003). Also, maternal obesity was linked to increased
incidence of mild intellectual disability in a Finnish cohort
(Heikura et al., 2008). However, a study by Brion and colleagues
did not demonstrate an association between offspring cognitive
test scores and maternal obesity (Brion et al., 2011). Another
study found an association between maternal obesity and
decreased language scores in 8 year old children with obese
mothers, but no cognitive deficits (Craig et al., 2013). These
inconsistencies between human studies likely reflect differences
in demographic factors, obesity prevalence between study
populations, and differences in the scales used and measures
assessed. A more standardized scale would prove beneficial
to assess these cognitive impairments and to compare across
research groups. Animal studies provide support to the notion
that exposure to maternal obesity impairs offspring cognition.
Offspring of mothers that consumed a HFD were associated
with delayed spatial learning using the Barnes maze in young
rats (Tozuka et al., 2010). Additional human studies that
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examine large diverse study populations are needed to fully
examine the impact of maternal obesity on offspring cognition.
Also, further animal studies are warranted that elucidate the
mechanisms by which maternal obesity may decrease offspring
cognition.
Possible Mechanisms by Which Maternal Obesity
Increases Risk for Mental Health Disorders
Inflammation-induced Programming
Obesity is considered a state of chronic inflammation as an
increase in adipose tissue mass results in greater secretion of
inflammatory markers including C-reactive protein, interleukin-
6, interleukin-1β, and tumor necrosis factor-α (Das, 2001)
(Figure 1). The inflammatory state associated with obesity is
postulated to underlie many of the associated metabolic diseases
including cardiovascular disease, heart disease, insulin resistance,
diabetes, and hypertension (Das, 2001). Elevated inflammatory
cytokines are also observed in obese pregnant women and
lead to dysfunction in the endothelium (Stewart et al., 2007)
and placenta (Leung and Bryant, 2000; Nordahl et al., 2008).
Maternal HFD increases the amount of the inflammatory
cytokine, IL-1β, in the NHP hypothalamus (Grayson et al.,
2010). Increased inflammatory factors are associated with
neurodevelopmental [ASD (Goines et al., 2011; Ashwood et al.,
2011a,b) and ADHD (Oades et al., 2010; Oades, 2011)] and
neuropsychiatric disorders [anxiety (Maes et al., 2002; Terness
et al., 2002) and depression (Zanoli et al., 2001; Terness
et al., 2002)]. Mounting evidence indicates that developmental
exposure to elevated pro-inflammatory cytokines influences
brain development. Specifically, circulating pro-inflammatory
cytokine levels impact the development of neural circuits critical
for the regulation of behavior (Das, 2001). Thus, inflammation
is an important potential mechanism by which exposure to
maternal obesity and HFD consumption impairs offspring brain
development and increases risk for mental health disorders.
FIGURE 1 | Potential mechanisms through which maternal obesity,
metabolic state, high-fat diet, and excessive gestational weight gain
may lead to the development of mental health disorders in offspring.
Maternal obesity, metabolic disorders, and high-fat diet impact both
intra-uterine and early post-natal development. Excessive gestational weight
gain impacts intrauterine development. Maternal obesity produces systemic
inflammation (via increased pro-inflammatory cytokines) and dysregulation of
metabolic hormones. These cytokines/hormones cross over into the fetal
circulation via the placenta. During development, enhanced inflammation of
the brain is a major contributor to impairments in neural circuits critical for
regulation of behaviors, such as 5-HT, DA, and melanocortin. A gender bias
has also been observed in the development of mental health disorders,
therefore, sex hormones may also play a role in impairing brain function; the
location of its action is poorly described.
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Sex Hormone-induced Programming
Some of the most dramatic findings in psychopathology are the
marked gender differences in neurodevelopmental and mental
health disorders. However, biological mechanisms mediating
this gender bias have not been clearly defined. Sex hormones
could impact brain function through altered hormones in
the periphery, a direct action on receptors in the brain, or
both. Gender differences in brain development are programmed
by androgen production by the fetal testes during critical
periods of development. In primates, the fetal testes begin
producing androgens at the end of the first trimester, with
production continuing into the second semester, and a surge
at birth (Forest et al., 1973; Gendrel et al., 1980). Prenatal
androgens regulate gene and protein levels of important
transcription factors involved in development, such as forkhead
box protein P2 (Bowers et al., 2014). Supporting a central
effect, sex hormones are known to regulate inflammation in
the brain (Pozzi et al., 2006) and signaling of neural circuits
critical for regulating behavior (Bethea et al., 2002; Al Sweidi
et al., 2012). Androgens also result in sex differences in
immune cells including microglia (Lenz et al., 2013; Lenz
and McCarthy, 2014) and mast cells (Lenz and McCarthy,
2014). Microglia are critical for brain development as they
play an important role in proliferation, synaptogenesis, cell
survival, programmed cell death, and synaptic pruning (Lenz
and McCarthy, 2014). Sex differences are also observed in
inflammatory cytokines and chemokines in the developing
hippocampus, amygdala, and cortex (Schwarz et al., 2012).
We hypothesize that sex differences in the response of the
innate immune cells to maternal obesity-induced inflammation
underlies the observed gender differences in behavior. As
development of the brain circuitry critical in behavioral
regulation are sensitive to inflammatory cytokines (Jarskog
et al., 1997; Ishikawa et al., 2007), we believe that gender
differences in behavior are due to unique inflammatory-induced
changes in the development of this brain circuit (Spinelli et al.,
2010).
Metabolic Hormone-induced Programming
Maternal obesity is associated with gestational diabetes, maternal
hyperglycemia, hyperinsulinemia, and hyperleptinemia (Leung
and Lao, 2000). A pregnancy complicated by maternal obesity
and metabolic disorders exposes the developing offspring
to increased circulating nutrients (fatty acids, glucose), and
metabolic hormones (leptin, insulin). Glucose, but not insulin,
can pass through the blood-placenta-barrier and enter the fetal
circulation (Oken and Gillman, 2003). Consequently, the fetal
pancreas compensates with increased insulin release. Maternal-
fetal transmission of leptin has also been observed in the
circulatory system (Luo et al., 2013). Leptin receptors are widely
distributed in brain regions involved in behavioral regulation
including the cortex, hippocampus, amygdala, thalamus, and
hypothalamus (Couce et al., 1997; Meister, 2000). Leptin has also
been shown to increase inflammatory cytokine secretion andmay
also indirectly influence brain development (Lappas et al., 2005).
Elevated levels of metabolic hormones and nutrients during the
perinatal period alter the development of the neural circuits
critical for the regulation of energy balance and behavior (Harder
et al., 1998; Proulx et al., 2002).
Maternal Obesity Impairs Development of the
Serotonin (5-HT) System
A potential mechanism for the increased risk of mental health
disorders associated with early exposure to maternal obesity is
abnormal development of the 5-HT system. The 5-HT system
is a key player in the regulation of emotion and dysregulation
of the 5-HT system is linked to numerous mental health
disorders. 5-HT plays a crucial role in neural development,
influencing synapse formation, neurogenesis, and the migration
of neurons (Daws and Gould, 2011; Kannan et al., 2011).
We observed a decrease in 5-HT synthesis in NHP offspring
exposed to maternal HFD-induced obesity resulting in increased
anxiety-like behavior in female offspring (Sullivan et al., 2010).
This finding is supported by a rodent study in which rodent
HFD offspring displayed an increase in inhibitory autoreceptors
(known to inhibit 5-HT release) (Peleg-Raibstein et al., 2012).
A reduction in 5-HT production underlies neurodevelopmental
disorders, such as ADHD (Oades et al., 2008) and ASD
(Chugani et al., 1999; Challier et al., 2008), and neuropsychiatric
disorders, including anxiety (Kiyohara and Yoshimasu, 2009)
and depressive disorders (Sullivan et al., 2006; Laucht et al.,
2009; Spindelegger et al., 2009). Moreover, selective serotonin
reuptake inhibitors are a standard treatment for these disorders.
Thus, several lines of evidence indicate that changes in the
development of the 5-HT system are a plausible mechanism
for maternal obesity increasing the risk of neurodevelopmental
and neuropsychiatric disorders in offspring. We hypothesize
that the increased production of inflammatory factors associated
with maternal obesity suppresses the development of the 5-HT
neural circuit. Treatment with pro-inflammatory cytokines, such
as interferon-α, reduces the axonal density of 5-HT neurons
in brain regions critical in behavioral regulation such as the
prefrontal cortex and amygdala (Ishikawa et al., 2007). Also,
pro-inflammatory cytokine treatment reduces the survival of 5-
HT neurons in the rostral raphe and substantia nigra (Jarskog
et al., 1997). Exposure to maternal obesity-induced inflammation
may increase risk for mental health disorders in offspring by
suppressing serotoninergic function.
Maternal Obesity Impairs Development of Reward
Neural Circuitry
The role of maternal obesity on central reward signaling
has only been examined in one study (Stice et al., 2011).
There, normal-weight adolescents with two overweight or obese
parents had increased neural activation of the caudate putamen
and frontal and parietal cortex after consuming a milkshake.
Human research demonstrates that maternal obesity is linked
to impairments in central reward signaling in adolescents. The
role of GWG, maternal metabolic disorders, and an unhealthy
maternal diet on central reward signaling remain unknown.
Existing animal literature agrees with human literature on
maternal obesity impairing central DA signaling in offspring.
In rodent studies, research focuses on the mesolimbic and
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mesocortical DA neural circuit, which includes the ventral
tegmentum, nucleus accumbens, and prefrontal cortex. Maternal
HFD led to abnormal central DA signaling in offspring. Existing
rodent literature is mixed as to the direction of this effect.
Two studies point to maternal HFD potentiating central DA
signaling. Maternal HFD increased protein levels of the rate-
limiting enzyme tyrosine hydroxylase (which increases synthesis
of DA) in the ventral tegmentum (Naef et al., 2008) and
DA release to acute stress in the nucleus accumbens (Naef
et al., 2013a). A second group of studies found maternal
HFD suppressed central DA signaling. Maternal HFD decreased
DA responses in anticipation to food (Naef et al., 2013b)
and expression of tyrosine hydroxylase, dopamine receptor 1
(G protein-coupled receptor that increases DA release), and
dopamine receptor 2 (G protein-coupled receptor that decreases
DA release) mRNA in the nucleus accumbens (Vucetic et al.,
2010). Dopamine receptor 1 and 2 were also decreased in
the prefrontal cortex. We hypothesize that increased maternal
obesity-induced inflammation suppresses development of the
DA neural circuit, as treatment with inflammatory cytokines,
interleukin-6, IL-1β, and tumor necrosis factor-α, decrease the
survival of DA neurons in the substantia nigra (Jarskog et al.,
1997). This inflammation-induced impairment in central DA
signaling is presumably what increases the risk for reward-related
behaviors in offspring.
Maternal Obesity Impairs Development of
Melanocortin Neural Circuit
The melanocortin neural circuit in the arcuate nucleus of
the hypothalamus and the paraventricular nucleus of the
hypothalamus regulates energy intake (Cone, 1999). Alpha-
melanocyte stimulating hormone (a cleavage product of the
proopiomelanocortin gene) inhibits food intake through
activation of melanocortin receptor subtype 3 and melanocortin
receptor subtype 4 (MC4R). In contrast, agouti-related
peptide (AgRP) potentiates food intake through blockade of
melanocortin receptor subtype 3 and MC4R. AgRP is colocalized
with neuropeptide Y. No human literature exists examining the
impact of maternal obesity on central melanocortin signaling
in children. Rodent studies have pointed to maternal HFD
impairing central melanocortin signaling in offspring. However,
findings are inconsistent as to whether POMC or AgRP is
affected and to the direction of this effect. One study found
maternal HFD increased expression of AgRP/neuropeptide Y,
POMC, and MC4R mRNA in the entire hypothalamus (Gupta
et al., 2009), whereas two separate studies found that it decreased
the expression of AgRP/ neuropeptide Y mRNA in the arcuate
nucleus of the hypothalamus and entire hypothalamus (Chang
et al., 2008; Sun et al., 2014). Species differences are apparent
in the ontogeny of this neural circuit. The melanocortin neural
circuit develops as late as the third postnatal week in rodents
(Grove et al., 2003; Grove and Smith, 2003), but during the
third trimester of pregnancy in primates (NHP and humans),
making the melanocortin circuit of primates more vulnerable
to changes in the maternal environment (Koutcherov et al.,
2003; Grayson et al., 2006). Using a NHP model, our laboratory
found that third trimester fetal offspring whose dams consumed
a HFD had decreased expression of AgRP mRNA and protein,
but increased expression of POMC and MC4R mRNA in the
arcuate nucleus of the hypothalamus (Grayson et al., 2010).
Inflammatory mechanisms also appear to lead to impairments in
central melanocortin signaling. In the rodent, IL-1β, decreases
AgRP release and increases POMC release in hypothalamic
explants (Scarlett et al., 2007, 2008). This inflammation-
induced impairment in central melanocortin signaling is
perhaps what increases risk for disordered eating behavior in
offspring.
A Diet High in Omega-3 Fatty Acids Improves Neural
Inflammation and Function
Diets high in omega-3 fatty acids protect against inflammation
in the brain and improve neural function. For instance,
omega-3 fatty acid consumption reduced inflammation-induced
upregulation of the pro-inflammatory markers (interleukin-
6 and tumor necrosis factor-α in microglia (Lu et al.,
2010). A decreased inflammatory state in the brain can
facilitate improvements in central 5-HT signaling. In particular,
consumption of omega-3 fatty acids enhanced 5-HT release
from presynaptic neurons and increased cell membrane fluidity
in postsynaptic neurons, which may alter serotonin receptor
availability in the brain (Patrick and Ames, 2015). Therefore,
this evidence demonstrates that a simple dietary intervention
may improve central 5-HT signaling and mitigate the risk of
developing mental health disorders. Importantly, a reduction in
the amount of maternal omega-3 fatty acids is associated with
increased risk of ADHD and ASD (Field, 2014), indicating that
omega-3 fatty acid supplementation is a promising therapeutic
intervention to ameliorate maternal obesity-induced risk of
mental health disorders.
Conclusion
This review highlights research demonstrating that an unhealthy,
perinatal environment programs various mental health
disorders in offspring with a focus on neurodevelopmental
and neuropsychiatric disorders. Epidemiological research
demonstrates a link between maternal obesity and the
development of mental health disorders, including ADHD,
ASD, anxiety, depression, schizophrenia, eating disorders
(food addiction, anorexia nervosa, and bulimia nervosa), and
cognition. There is no literature demonstrating a link between
maternal obesity and substance addiction, indicating a need
for further research in this area. There is also evidence that
excessive GWG, maternal metabolic disorders, and an unhealthy
maternal diet increase the risk for ADHD, ASD, schizophrenia,
and eating disorders. However, these metabolic conditions
have been poorly characterized in anxiety, depression, and
cognition. Animal research agrees with human studies and
shows that maternal obesity (produced by HFD consumption)
contributes to the development of hyperactivity, decreased
sociability, increased anxiety-like and depressive-like behavior,
substance addiction, food addiction, and decreased cognition
in offspring. Schizophrenia, anorexia nervosa, and bulimia
nervosa have yet to be examined in animals. Animal models
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also provide insight into the mechanisms by which maternal
obesity impacts offspring behavior. Maternal obesity has been
shown to increase fetal exposure to inflammation resulting
in impairments in the development of critical neural circuits
that regulate behavior. Impairments in these neural pathways
appear to lead to the development of mental health disorders in
offspring. Future animal studies need to identify the biological
mechanisms involved and whether they differ depending on
the risk factor. Lastly, observational studies have been primarily
conducted in human research. Future studies should focus
on randomized controlled trials, to determine whether early
dietary interventions prevent the development of mental
health disorders in offspring. Specific dietary interventions, like
omega-3 fatty acid supplementation, provide a cost-effective
means to reduce the prevalence of mental health disorders in
children.
Acknowledgments
This publication was supported by the Murdock Charitable
Trust, Murdock College Research Program for Life Science,
grant number 2011273:HVP (ES) and Oregon Clinical and
Translational Research Institute grant number UL1TR000128
(ES) from the National Center for Advancing Translational
Sciences at the National Institutes of Health (NIH), grant
number R01 DK079194 (KL Grove) from the National Institute
of Diabetes and Digestive and Kidney Diseases, and grant
number R01 MH107508-01 (ES) from the National Institute
of Mental Health at the NIH. Grant number P51 OD011092
for the operation of ONPRC and support of the Imaging and
Morphology Core. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
NIH or the Trust.
References
Al Sweidi, S., Sanchez, M. G., Bourque, M., Morissette, M., Dluzen, D.,
and Di Paolo, T. (2012). Oestrogen receptors and signalling pathways:
implications for neuroprotective effects of sex steroids in Parkinson’s disease.
J. Neuroendocrinol. 24, 48–61. doi: 10.1111/j.1365-2826.2011.02193.x
Allen, K. L., Byrne, S. M., Oddy, W. H., and Crosby, R. D. (2013). DSM-IV-TR and
DSM-5 eating disorders in adolescents: prevalence, stability, and psychosocial
correlates in a population-based sample of male and female adolescents.
J. Abnorm. Psychol. 122, 720–732. doi: 10.1037/a0034004
Archer, J. (2006). Testosterone and human aggression: an evaluation of
the challenge hypothesis. Neurosci. Biobehav. Rev. 30, 319–345. doi:
10.1016/j.neubiorev.2004.12.007
Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Pessah, I. N., and Van
de Water, J. (2011a). Altered T cell responses in children with autism. Brain
Behav. Immun. 25, 840–849. doi: 10.1016/j.bbi.2010.09.002
Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Pessah, I. N., and Van
de Water, J. (2011b). Associations of impaired behaviors with elevated plasma
chemokines in autism spectrum disorders. J. Neuroimmunol. 232, 196–199. doi:
10.1016/j.jneuroim.2010.10.025
Avena, N. M., Gearhardt, A. N., Gold, M. S., Wang, G. J., and Potenza, M.
N. (2012). Tossing the baby out with the bathwater after a brief rinse? The
potential downside of dismissing food addiction based on limited data. Nat.
Rev. Neurosci. 13, 514. doi: 10.1038/nrn3212-c1
Bayol, S. A., Farrington, S. J., and Stickland, N. C. (2007). A maternal “junk food”
diet in pregnancy and lactation promotes an exacerbated taste for “junk food”
and a greater propensity for obesity in rat offspring. Br. J. Nutr. 98, 843–851.
doi: 10.1017/S0007114507812037
Bernstein, G. A., Borchardt, C. M., and Perwien, A. R. (1996). Anxiety disorders
in children and adolescents: a review of the past 10 years. J. Am. Acad.
Child Adolesc. Psychiatry 35, 1110–1119. doi: 10.1097/00004583-199609000-
00008
Bethea, C. L., Lu, N. Z., Gundlah, C., and Streicher, J. M. (2002). Diverse actions
of ovarian steroids in the serotonin neural system. Front. Neuroendocrinol. 23,
41–100. doi: 10.1006/frne.2001.0225
Bilbo, S. D., and Tsang, V. (2010). Enduring consequences of maternal obesity for
brain inflammation and behavior of offspring. FASEB J. 24, 2104–2115. doi:
10.1096/fj.09-144014
Bilder, D. A., Bakian, A. V., Viskochil, J., Clark, E. A., Botts, E. L., Smith, K. R.,
et al. (2013). Maternal prenatal weight gain and autism spectrum disorders.
Pediatrics 132, e1276–e1283. doi: 10.1542/peds.2013-1188
Bocarsly, M. E., Barson, J. R., Hauca, J. M., Hoebel, B. G., Leibowitz, S. F., and
Avena, N. M. (2012). Effects of perinatal exposure to palatable diets on body
weight and sensitivity to drugs of abuse in rats. Physiol. Behav. 107, 568–575.
doi: 10.1016/j.physbeh.2012.04.024
Bowers, J. M., Perez-Pouchoulen, M., Roby, C. R., Ryan, T. E., and McCarthy,
M. M. (2014). Androgen modulation of foxp1 and foxp2 in the developing rat
brain: impact on sex specific vocalization. Endocrinology 155, 4881–4894. doi:
10.1210/en.2014-1486
Boyle, C. A., Boulet, S., Schieve, L. A., Cohen, R. A., Blumberg, S. J., Yeargin-
Allsopp, M., et al. (2011). Trends in the prevalence of developmental disabilities
in US children, 1997-2008. Pediatrics 127, 1034–1042. doi: 10.1542/peds.2010-
2989
Brekke, H. K., van Odijk, J., and Ludvigsson, J. (2007). Predictors and dietary
consequences of frequent intake of high-sugar, low-nutrient foods in 1-year-
old children participating in the ABIS study. Br. J. Nutr. 97, 176–181. doi:
10.1017/S0007114507244460
Brion, M. J., Zeegers, M., Jaddoe, V., Verhulst, F., Tiemeier, H., Lawlor, D. A.,
et al. (2011). Intrauterine effects of maternal prepregnancy overweight on
child cognition and behavior in 2 cohorts. Pediatrics 127, e202–e211. doi:
10.1542/peds.2010-0651
Buss, C., Entringer, S., Davis, E. P., Hobel, C. J., Swanson, J. M., Wadhwa, P. D.,
et al. (2012). Impaired executive function mediates the association between
maternal pre-pregnancy body mass index and child ADHD symptoms. PLoS
ONE 7:e37758. doi: 10.1371/journal.pone.0037758
Can, O. D., Ulupinar, E., Ozkay, U. D., Yegin, B., and Ozturk, Y. (2012). The effect
of simvastatin treatment on behavioral parameters, cognitive performance, and
hippocampal morphology in rats fed a standard or a high-fat diet. Behav.
Pharmacol. 23, 582–592. doi: 10.1097/FBP.0b013e328356c3f2
Challier, J. C., Basu, S., Bintein, T., Minium, J., Hotmire, K., Catalano,
P. M., et al. (2008). Obesity in pregnancy stimulates macrophage
accumulation and inflammation in the placenta. Placenta 29, 274–281.
doi: 10.1016/j.placenta.2007.12.010
Chang, G. Q., Gaysinskaya, V., Karatayev, O., and Leibowitz, S. F. (2008). Maternal
high-fat diet and fetal programming: increased proliferation of hypothalamic
peptide-producing neurons that increase risk for overeating and obesity.
J. Neurosci. 28, 12107–12119. doi: 10.1523/JNEUROSCI.2642-08.2008
Chen, Q., Sjolander, A., Langstrom, N., Rodriguez, A., Serlachius, E., D’Onofrio,
B. M., et al. (2014). Maternal pre-pregnancy body mass index and offspring
attention deficit hyperactivity disorder: a population-based cohort study using
a sibling-comparison design. Int. J. Epidemiol. 43, 83–90. doi: 10.1093/ije/
dyt152
Chugani, D. C., Muzik, O., Behen, M., Rothermel, R., Janisse, J. J., Lee, J., et al.
(1999). Developmental changes in brain serotonin synthesis capacity in autistic
and nonautistic children. Ann. Neurol. 45, 287–295.
Colman, I., Ataullahjan, A., Naicker, K., and Van Lieshout, R. J. (2012). Birth
weight, stress, and symptoms of depression in adolescence: evidence of fetal
programming in a national Canadian cohort. Can. J. Psychiatry 57, 422–428.
Cone, R. D. (1999). The central melanocortin system and energy homeostasis.
Trends Endocrinol. Metab. 10, 211–216. doi: 10.1016/S1043-2760(99)00153-8
Frontiers in Neuroscience | www.frontiersin.org 12 June 2015 | Volume 9 | Article 194
Rivera et al. Maternal obesity and mental health
Couce, M. E., Burguera, B., Parisi, J. E., Jensen, M. D., and Lloyd, R. V. (1997).
Localization of leptin receptor in the human brain. Neuroendocrinology 66,
145–150. doi: 10.1159/000127232
Craig, W. Y., Palomaki, G. E., and Neveaux, L. M. (2013). Maternal body mass
index during pregnancy and offspring cognitive development. Obstet Med. 6,
20–25. doi: 10.1177/1753495X12472643
Dalman, C., Allebeck, P., Cullberg, J., Grunewald, C., and Koster, M. (1999).
Obstetric complications and the risk of schizophrenia: a longitudinal
study of a national birth cohort. Arch. Gen. Psychiatry 56, 234–240. doi:
10.1001/archpsyc.56.3.234
Das, U. N. (2001). Is obesity an inflammatory condition? Nutrition 17, 953–966.
doi: 10.1016/S0899-9007(01)00672-4
Daws, L. C., and Gould, G. G. (2011). Ontogeny and regulation of the serotonin
transporter: providing insights into human disorders. Pharmacol. Ther. 131,
61–79. doi: 10.1016/j.pharmthera.2011.03.013
Desai, R. A., Manley, M., Desai, M. M., and Potenza, M. N. (2009). Gender
differences in the association between body mass index and psychopathology.
CNS Spectr. 14, 372–383. doi: 10.1017/S1092852900023026
Djelantik, A. A., Kunst, A. E., van der Wal, M. F., Smit, H. A., and Vrijkotte, T.
G. (2012). Contribution of overweight and obesity to the occurrence of adverse
pregnancy outcomes in a multi-ethnic cohort: population attributive fractions
for Amsterdam. BJOG 119, 283–290. doi: 10.1111/j.1471-0528.2011.03205.x
Dodds, L., Fell, D. B., Shea, S., Armson, B. A., Allen, A. C., and Bryson, S. (2011).
The role of prenatal, obstetric and neonatal factors in the development of
autism. J. Autism Dev. Disord. 41, 891–902. doi: 10.1007/s10803-010-1114-8
Dweck, C., and Wortman, C. (1982). “Learned helplessness, anxiety, and
achievement,” in Achievement, Stress, and Anxiety, Hemisphere, eds H. Krohne
and L. Laux (New York, NY: Hemisphere Publishing Corporation), 93–125.
Eapen, V., and Crncec, R. (2012). Strategies and challenges in the
management of adolescent depression. Curr. Opin. Psychiatry 25, 7–13.
doi: 10.1097/YCO.0b013e32834de3bd
Eide, M. G., Moster, D., Irgens, L. M., Reichborn-Kjennerud, T., Stoltenberg, C.,
Skjaerven, R., et al. (2013). Degree of fetal growth restriction associated with
schizophrenia risk in a national cohort. Psychol. Med. 43, 2057–2066. doi:
10.1017/S003329171200267X
Field, S. S. (2014). Interaction of genes and nutritional factors in the etiology of
autism and attention deficit/hyperactivity disorders: a case control study.Med.
Hypotheses 82, 654–661. doi: 10.1016/j.mehy.2014.02.021
Forest, M. G., Cathiard, A. M., and Bertrand, J. A. (1973). Evidence of testicular
activity in early infancy. J. Clin. Endocrinol. Metab. 37, 148–151. doi:
10.1210/jcem-37-1-148
Gavard, J. A., and Artal, R. (2014). The association of gestational weight gain
with birth weight in obese pregnant women by obesity class and diabetic
status: a population-based historical cohort study. Matern. Child Health J. 18,
1038–1047. doi: 10.1007/s10995-013-1356-0
Gendrel, D., Chaussain, J. L., Roger, M., and Job, J. C. (1980). Simultaneous
postnatal rise of plasma LH and testosterone in male infants. J. Pediatr. 97,
600–602. doi: 10.1016/S0022-3476(80)80018-7
Giriko, C. A., Andreoli, C. A., Mennitti, L. V., Hosoume, L. F., Souto Tdos, S.,
Silva, A. V., et al. (2013). Delayed physical and neurobehavioral development
and increased aggressive and depression-like behaviors in the rat offspring
of dams fed a high-fat diet. Int. J. Dev. Neurosci. 31, 731–739. doi:
10.1016/j.ijdevneu.2013.09.001
Goines, P. E., Croen, L. A., Braunschweig, D., Yoshida, C. K., Grether, J., Hansen,
R., et al. (2011). Increased midgestational IFN-gamma, IL-4 and IL-5 in women
bearing a child with autism: a case-control study. Mol. Autism 2:13. doi:
10.1186/2040-2392-2-13
Grayson, B. E., Allen, S. E., Billes, S. K., Williams, S. M., Smith, M. S., and
Grove, K. L. (2006). Prenatal development of hypothalamic neuropeptide
systems in the nonhuman primate. Neuroscience 143, 975–986. doi:
10.1016/j.neuroscience.2006.08.055
Grayson, B. E., Levasseur, P. R., Williams, S. M., Smith, M. S., Marks, D. L., and
Grove, K. L. (2010). Changes in melanocortin expression and inflammatory
pathways in fetal offspring of nonhuman primates fed a high-fat diet.
Endocrinology 151, 1622–1632. doi: 10.1210/en.2009-1019
Grove, K. L., Allen, S., Grayson, B. E., and Smith, M. S. (2003). Postnatal
development of the hypothalamic neuropeptide Y system. Neuroscience 116,
393–406. doi: 10.1016/S0306-4522(02)00668-1
Grove, K. L., and Smith, M. S. (2003). Ontogeny of the hypothalamic neuropeptide
Y system. Physiol. Behav. 79, 47–63. doi: 10.1016/S0031-9384(03)00104-5
Gupta, A., Srinivasan, M., Thamadilok, S., and Patel, M. S. (2009). Hypothalamic
alterations in fetuses of high fat diet-fed obese female rats. J. Endocrinol. 200,
293–300. doi: 10.1677/JOE-08-0429
Harder, T., Plagemann, A., Rohde, W., and Dorner, G. (1998). Syndrome X-like
alterations in adult female rats due to neonatal insulin treatment. Metab. Clin.
Exp. 47, 855–862. doi: 10.1016/S0026-0495(98)90126-3
Harris, E. C., and Barraclough, B. (1998). Excess mortality of mental disorder. Br.
J. Psychiatry 173, 11–53. doi: 10.1192/bjp.173.1.11
Heikura, U., Taanila, A., Hartikainen, A. L., Olsen, P., Linna, S. L., von Wendt,
L., et al. (2008). Variations in prenatal sociodemographic factors associated
with intellectual disability: a study of the 20-year interval between two birth
cohorts in northern Finland. Am. J. Epidemiol. 167, 169–177. doi: 10.1093/aje/
kwm291
Hinkle, S. N., Schieve, L. A., Stein, A. D., Swan, D. W., Ramakrishnan, U., and
Sharma, A. J. (2012). Associations between maternal prepregnancy body mass
index and child neurodevelopment at 2 years of age. Int. J. Obes. 36, 1312–1319.
doi: 10.1038/ijo.2012.143
Hinkle, S. N., Sharma, A. J., Kim, S. Y., and Schieve, L. A. (2013).
Maternal prepregnancy weight status and associations with children’s
development and disabilities at kindergarten. Int. J. Obes. 37, 1344–1351. doi:
10.1038/ijo.2013.128
Horlin, C., Falkmer, M., Parsons, R., Albrecht, M. A., and Falkmer, T.
(2014). The cost of autism spectrum disorders. PLoS ONE 9:e106552. doi:
10.1371/journal.pone.0106552
Hurley, P., and Eme, R. (2004). ADHD and the Criminal Justice System: Spinning
Out of Control. North Charleston: BookSurge.
Ishikawa, J., Ishikawa, A., and Nakamura, S. (2007). Interferon-alpha reduces the
density of monoaminergic axons in the rat brain.Neuroreport 18, 137–140. doi:
10.1097/WNR.0b013e328010231a
Jarskog, L. F., Xiao, H., Wilkie, M. B., Lauder, J. M., and Gilmore, J. H. (1997).
Cytokine regulation of embryonic rat dopamine and serotonin neuronal
survival in vitro. Int. J. Dev. Neurosci. 15, 711–716. doi: 10.1016/S0736-
5748(97)00029-4
Johnston, L. D., O’Malley, P. M., Miech, R. A., Bachman, J. G., and Schulenberg,
J. E. (2015). Monitoring the Future National Survey Results on Drug Use: 1975-
2014, Overview, Key Findings on Adolescent Drug Use. Ann Arbor: Institute for
social research.
Jones, P. B., Rantakallio, P., Hartikainen, A. L., Isohanni, M., and Sipila, P.
(1998). Schizophrenia as a long-term outcome of pregnancy, delivery, and
perinatal complications: a 28-year follow-up of the 1966 north Finland
general population birth cohort. Am. J. Psychiatry 155, 355–364. doi:
10.1176/ajp.155.3.355
Kang, S. S., Kurti, A., Fair, D. A., and Fryer, J. D. (2014). Dietary intervention
rescues maternal obesity induced behavior deficits and neuroinflammation in
offspring. J. Neuroinflammation 11, 156. doi: 10.1186/s12974-014-0156-9
Kannan, S., Saadani-Makki, F., Balakrishnan, B., Dai, H., Chakraborty, P. K.,
Janisse, J., et al. (2011). Decreased cortical serotonin in neonatal rabbits
exposed to endotoxin in utero. J. Cereb. Blood Flow Metab. 31, 738–749. doi:
10.1038/jcbfm.2010.156
Kawai, M., Minabe, Y., Takagai, S., Ogai, M., Matsumoto, H., Mori, N., et al. (2004).
Poor maternal care and high maternal body mass index in pregnancy as a risk
factor for schizophrenia in offspring. Acta Psychiatr. Scand. 110, 257–263. doi:
10.1111/j.1600-0447.2004.00380.x
Kiyohara, C., and Yoshimasu, K. (2009). Molecular epidemiology of major
depressive disorder. Environ. Health Prev. Med. 14, 71–87. doi: 10.1007/s12199-
008-0073-6
Koob, G. F., Kandel, D., Volkow, N. D., Kandel, E. R., and Polan, H. J. (2008).
“Pathophysiology of Addiction,” in Psychiatry, 3rd Edn, eds J. K. Tasman, M. B.
Lieberman, and M. Maj (Chichester: John Wiley & Sons, Ltd.), 354–378.
Koutcherov, Y., Mai, J. K., and Paxinos, G. (2003). Hypothalamus of the
human fetus. J. Chem. Neuroanat. 26, 253–270. doi: 10.1016/j.jchemneu.2003.
07.002
Krakowiak, P., Walker, C. K., Bremer, A. A., Baker, A. S., Ozonoff, S., Hansen,
R. L., et al. (2012). Maternal metabolic conditions and risk for autism
and other neurodevelopmental disorders. Pediatrics 129, e1121–e1128. doi:
10.1542/peds.2011-2583
Frontiers in Neuroscience | www.frontiersin.org 13 June 2015 | Volume 9 | Article 194
Rivera et al. Maternal obesity and mental health
Kristal, A. R., Peters, U., and Potter, J. D. (2005). Is it time to abandon the food
frequency questionnaire? Cancer Epidemiol. Biomarkers Prev. 14, 2826–2828.
doi: 10.1158/1055-9965.EPI-12-ED1
Lamerz, A., Kuepper-Nybelen, J., Bruning, N., Wehle, C., Trost-Brinkhues, G.,
Brenner, H., et al. (2005). Prevalence of obesity, binge eating, and night eating
in a cross-sectional field survey of 6-year-old children and their parents in
a German urban population. J. Child Psychol. Psychiatry 46, 385–393. doi:
10.1111/j.1469-7610.2004.00363.x
Langley, E. A., Krykbaeva, M., Blusztajn, J. K., and Mellott, T. J.
(2014). High maternal choline consumption during pregnancy
and nursing alleviates deficits in social interaction and improves
anxiety-like behaviors in the BTBR T+Itpr3tf/J mouse model of
autism. Behav. Brain Res. 278C, 210–220. doi: 10.1016/j.bbr.2014.
09.043
Lappas, M., Permezel, M., and Rice, G. E. (2005). Leptin and adiponectin stimulate
the release of proinflammatory cytokines and prostaglandins from human
placenta and maternal adipose tissue via nuclear factor-kappaB, peroxisomal
proliferator-activated receptor-gamma and extracellularly regulated kinase 1/2.
Endocrinology 146, 3334–3342. doi: 10.1210/en.2005-0406
Larqué, E., Demmelmair, H., Gil-Sanchez, A., Prieto-Sanchez, M. T., Blanco, J. E.,
Pagan, A., et al. (2011). Placental transfer of fatty acids and fetal implications.
Am. J. Clin. Nutr. 94, 1908S-1913S. doi: 10.3945/ajcn.110.001230
Laucht, M., Treutlein, J., Blomeyer, D., Buchmann, A. F., Schmid, B.,
Becker, K., et al. (2009). Interaction between the 5-HTTLPR serotonin
transporter polymorphism and environmental adversity for mood
and anxiety psychopathology: evidence from a high-risk community
sample of young adults. Int. J. Neuropsychopharmacol. 12, 737–747. doi:
10.1017/S1461145708009875
Lenz, K. M., and McCarthy, M. M. (2014). A starring role for microglia in brain
sex differences. Neuroscientist 21, 306–321. doi: 10.1177/1073858414536468
Lenz, K. M., Nugent, B. M., Haliyur, R., andMcCarthy, M.M. (2013). Microglia are
essential to masculinization of brain and behavior. J. Neurosci. 33, 2761–2772.
doi: 10.1523/JNEUROSCI.1268-12.2013
Leung, P., and Bryant, R. A. (2000). Autobiographical memory in diabetes mellitus
patients. J. Psychosom. Res. 49, 435–438. doi: 10.1016/S0022-3999(00)00192-6
Leung, T. W., and Lao, T. T. (2000). Placental size and large-for-gestational-age
infants in women with abnormal glucose tolerance in pregnancy. Diabet. Med.
17, 48–52. doi: 10.1046/j.1464-5491.2000.00226.x
Loe, I. M., and Feldman, H. M. (2007). Academic and educational
outcomes of children with ADHD. Ambul. Pediatr. 7, 82–90. doi:
10.1016/j.ambp.2006.05.005
Lu, D. Y., Tsao, Y. Y., Leung, Y. M., and Su, K. P. (2010). Docosahexaenoic
acid suppresses neuroinflammatory responses and induces heme oxygenase-
1 expression in BV-2 microglia: implications of antidepressant effects
for omega-3 fatty acids. Neuropsychopharmacology 35, 2238–2248. doi:
10.1038/npp.2010.98
Luo, Z. C., Nuyt, A. M., Delvin, E., Fraser, W. D., Julien, P., Audibert, F., et al.
(2013). Maternal and fetal leptin, adiponectin levels and associations with fetal
insulin sensitivity. Obesity 21, 210–216. doi: 10.1002/oby.20250
Lyall, K., Munger, K. L., O’Reilly, E. J., Santangelo, S. L., and Ascherio, A. (2013).
Maternal dietary fat intake in association with autism spectrum disorders. Am.
J. Epidemiol. 178, 209–220. doi: 10.1093/aje/kws433
Lyall, K., Pauls, D. L., Spiegelman, D., Ascherio, A., and Santangelo, S. L.
(2012). Pregnancy complications and obstetric suboptimality in association
with autism spectrum disorders in children of the Nurses’ Health Study II.
Autism Res. 5, 21–30. doi: 10.1002/aur.228
Maes, M., Verkerk, R., Bonaccorso, S., Ombelet, W., Bosmans, E., and Scharpe, S.
(2002). Depressive and anxiety symptoms in the early puerperium are related
to increased degradation of tryptophan into kynurenine, a phenomenon which
is related to immune activation. Life Sci. 71, 1837–1848. doi: 10.1016/S0024-
3205(02)01853-2
Maftei, O., Whitrow, M. J., Davies, M. J., Giles, L. C., Owens, J. A., and Moore,
V. M. (2015). Maternal body size prior to pregnancy, gestational diabetes and
weight gain: associations with insulin resistance in children at 9-10 years.
Diabet. Med. 32, 174–180. doi: 10.1111/dme.12637
Masi, G., Mucci, M., Favilla, L., Romano, R., and Poli, P. (1999). Symptomatology
and comorbidity of generalized anxiety disorder in children and adolescents.
Compr. Psychiatry 40, 210–215. doi: 10.1016/S0010-440X(99)90005-6
McCurdy, C. E., Bishop, J. M., Williams, S. M., Grayson, B. E., Smith, M. S.,
Friedman, J. E., et al. (2009). Maternal high-fat diet triggers lipotoxicity in
the fetal livers of nonhuman primates. J. Clin. Invest. 119, 323–335. doi:
10.1172/jci32661
Meister, B. (2000). Control of food intake via leptin receptors in the
hypothalamus. Vitam. Horm. 59, 265–304. doi: 10.1016/S0083-6729(00)
59010-4
Morganstern, I., Lukatskaya, O., Moon, S. H., Guo, W. R., Shaji, J., Karatayev, O.,
et al. (2013). Stimulation of nicotine reward and central cholinergic activity in
Sprague-Dawley rats exposed perinatally to a fat-rich diet. Psychopharmacology
230, 509–524. doi: 10.1007/s00213-013-3178-6
Moss, B. G., and Chugani, D. C. (2014). Increased risk of very low birth weight,
rapid postnatal growth, and autism in underweight and obese mothers. Am. J.
Health Promot. 28, 181–188. doi: 10.4278/ajhp.120705-QUAN-325
Naef, L., Gratton, A., and Walker, C. D. (2013a). Exposure to high fat during
early development impairs adaptations in dopamine and neuroendocrine
responses to repeated stress. Stress 16, 540–548. doi: 10.3109/10253890.2013.
805321
Naef, L., Moquin, L., Dal Bo, G., Giros, B., Gratton, A., and Walker, C. D.
(2011). Maternal high-fat intake alters presynaptic regulation of dopamine
in the nucleus accumbens and increases motivation for fat rewards in
the offspring. Neuroscience 176, 225–236. doi: 10.1016/j.neuroscience.2010.
12.037
Naef, L., Moquin, L., Gratton, A., andWalker, C. D. (2013b). Reduced anticipatory
dopamine responses to food in rats exposed to high fat during early
development. Int. J. Obes. 37, 885–888. doi: 10.1038/ijo.2012.153
Naef, L., Srivastava, L., Gratton, A., Hendrickson, H., Owens, S. M., and
Walker, C. D. (2008). Maternal high fat diet during the perinatal period
alters mesocorticolimbic dopamine in the adult rat offspring: reduction
in the behavioral responses to repeated amphetamine administration.
Psychopharmacology 197, 83–94. doi: 10.1007/s00213-007-1008-4
Neggers, Y. H., Goldenberg, R. L., Ramey, S. L., and Cliver, S. P. (2003).
Maternal prepregnancy body mass index and psychomotor development
in children. Acta Obstet. Gynecol. Scand. 82, 235–240. doi: 10.1034/j.1600-
0412.2003.00090.x
Nohr, E. A., Vaeth, M., Baker, J. L., Sorensen, T., Olsen, J., and Rasmussen,
K. M. (2008). Combined associations of prepregnancy body mass index and
gestational weight gain with the outcome of pregnancy. Am. J. Clin. Nutr. 87,
1750–1759.
Nomura, Y., Marks, D. J., Grossman, B., Yoon, M., Loudon, H., Stone, J., et al.
(2012). Exposure to gestational diabetes mellitus and low socioeconomic
status: effects on neurocognitive development and risk of attention-
deficit/hyperactivity disorder in offspring. Arch. Pediatr. Adolesc. Med. 166,
337–343. doi: 10.1001/archpediatrics.2011.784
Nordahl, C. W., Simon, T. J., Zierhut, C., Solomon, M., Rogers, S. J., and Amaral,
D. G. (2008). Brief report: methods for acquiring structural MRI data in very
young children with autism without the use of sedation. J. Autism Dev. Disord.
38, 1581–1590. doi: 10.1007/s10803-007-0514-x
Oades, R. D. (2011). An exploration of the associations of pregnancy and perinatal
features with cytokines and tryptophan/kynurenine metabolism in children
with attention-deficit hyperactivity disorder (ADHD). Atten. Defic. Hyperact.
Disord. 3, 301–318. doi: 10.1007/s12402-011-0062-2
Oades, R. D., Lasky-Su, J., Christiansen, H., Faraone, S. V., Sonuga-Barke, E. J.,
Banaschewski, T., et al. (2008). The influence of serotonin- and other genes
on impulsive behavioral aggression and cognitive impulsivity in children with
attention-deficit/hyperactivity disorder (ADHD): findings from a family-based
association test (FBAT) analysis. Behav. Brain Funct. 4:48. doi: 10.1186/1744-
9081-4-48
Oades, R. D., Myint, A. M., Dauvermann, M. R., Schimmelmann, B. G., and
Schwarz, M. J. (2010). Attention-deficit hyperactivity disorder (ADHD) and
glial integrity: an exploration of associations of cytokines and kynurenine
metabolites with symptoms and attention. Behav. Brain Funct. 6:32. doi:
10.1186/1744-9081-6-32
Ogden, C. L., Carroll, M. D., Kit, B. K., and Flegal, K. M. (2012). Prevalence of
obesity and trends in body mass index among US children and adolescents,
1999-2010. JAMA 307, 483–490. doi: 10.1001/jama.2012.40
Oken, E., and Gillman, M. W. (2003). Fetal origins of obesity. Obes. Res. 11,
496–506. doi: 10.1038/oby.2003.69
Frontiers in Neuroscience | www.frontiersin.org 14 June 2015 | Volume 9 | Article 194
Rivera et al. Maternal obesity and mental health
Olfson, M., Blanco, C., Wang, S., Laje, G., and Correll, C. U. (2014). National
trends in the mental health care of children, adolescents, and adults by office-
based physicians. JAMA Psychiatry 71, 81–90. doi: 10.1001/jamapsychiatry.
2013.3074
Olson, C. M., Strawderman, M. S., and Dennison, B. A. (2009). Maternal weight
gain during pregnancy and child weight at age 3 years.Matern. Child Health J.
13, 839–846. doi: 10.1007/s10995-008-0413-6
Patrick, R. P., and Ames, B. N. (2015). Vitamin D and the omega-3 fatty
acids control serotonin synthesis and action, part 2: relevance for ADHD,
bipolar, schizophrenia, and impulsive behavior. FASEB J. doi: 10.1096/fj.14-
268342. [Epub ahead of print].
Peleg-Raibstein, D., Luca, E., and Wolfrum, C. (2012). Maternal high-fat diet
in mice programs emotional behavior in adulthood. Behav. Brain Res. 233,
398–404. doi: 10.1016/j.bbr.2012.05.027
Pozzi, S., Benedusi, V., Maggi, A., and Vegeto, E. (2006). Estrogen action in
neuroprotection and brain inflammation. Ann. N.Y. Acad. Sci. 1089, 302–323.
doi: 10.1196/annals.1386.035
Proulx, K., Richard, D., and Walker, C. D. (2002). Leptin regulates appetite-
related neuropeptides in the hypothalamus of developing rats without
affecting food intake. Endocrinology 143, 4683–4692. doi: 10.1210/en.2002-
220593
Reynolds, L. C., Inder, T. E., Neil, J. J., Pineda, R. G., and Rogers, C. E. (2014).
Maternal obesity and increased risk for autism and developmental delay among
very preterm infants. J. Perinatol. 34, 688–692. doi: 10.1038/jp.2014.80
Rising, R., and Lifshitz, F. (2005). Relationship betweenmaternal obesity and infant
feeding-interactions. Nutr. J. 4, 17. doi: 10.1186/1475-2891-4-17
Robinson, T. E. (2004). Neuroscience. Addicted rats. Science 305, 951–953. doi:
10.1126/science.1102496
Rodriguez, A. (2010). Maternal pre-pregnancy obesity and risk for inattention and
negative emotionality in children. J. Child Psychol. Psychiatry 51, 134–143. doi:
10.1111/j.1469-7610.2009.02133.x
Rodriguez, A., Miettunen, J., Henriksen, T. B., Olsen, J., Obel, C., Taanila, A.,
et al. (2008). Maternal adiposity prior to pregnancy is associated with ADHD
symptoms in offspring: evidence from three prospective pregnancy cohorts. Int.
J. Obes. 32, 550–557. doi: 10.1038/sj.ijo.0803741
Rohde, P., Stice, E., and Marti, C. N. (2015). Development and predictive
effects of eating disorder risk factors during adolescence: implications
for prevention efforts. Int. J. Eat. Disord. 48, 187–198. doi: 10.1002/eat.
22270
Rowe, C. L. (2012). Family therapy for drug abuse: review and updates
2003-2010. J. Marital Fam. Ther. 38, 59–81. doi: 10.1111/j.1752-0606.2011.
00280.x
Sasaki, A., de Vega,W. C., St-Cyr, S., Pan, P., andMcGowan, P. O. (2013). Perinatal
high fat diet alters glucocorticoid signaling and anxiety behavior in adulthood.
Neuroscience 240, 1–12. doi: 10.1016/j.neuroscience.2013.02.044
Scarlett, J. M., Jobst, E. E., Enriori, P. J., Bowe, D. D., Batra, A. K., Grant, W. F.,
et al. (2007). Regulation of central melanocortin signaling by interleukin-1 beta.
Endocrinology 148, 4217–4225. doi: 10.1210/en.2007-0017
Scarlett, J. M., Zhu, X., Enriori, P. J., Bowe, D. D., Batra, A. K., Levasseur, P.
R., et al. (2008). Regulation of agouti-related protein messenger ribonucleic
acid transcription and peptide secretion by acute and chronic inflammation.
Endocrinology 149, 4837–4845. doi: 10.1210/en.2007-1680
Schaefer, C. A., Brown, A. S., Wyatt, R. J., Kline, J., Begg, M. D.,
Bresnahan, M. A., et al. (2000). Maternal prepregnant body mass and
risk of schizophrenia in adult offspring. Schizophr. Bull. 26, 275–286. doi:
10.1093/oxfordjournals.schbul.a033452
Schmitt, J., and Romanos, M. (2012). Prenatal and perinatal risk factors for
attention-deficit/hyperactivity disorder. Arch. Pediatr. Adolesc. Med. 166,
1074–1075. doi: 10.1001/archpediatrics.2012.1078
Schulte, M. T., and Hser, Y-I. (2014). Substance use and associated health
conditions throughout the lifespan. Public Health 35, 1–27.
Schwarz, J. M., Sholar, P. W., and Bilbo, S. D. (2012). Sex differences in microglial
colonization of the developing rat brain. J. Neurochem. 120, 948–963. doi:
10.1111/j.1471-4159.2011.07630.x
Sorensen, H. J., Mortensen, E. L., Reinisch, J. M., and Mednick, S. A.
(2003). Do hypertension and diuretic treatment in pregnancy increase the
risk of schizophrenia in offspring? Am. J. Psychiatry 160, 464–468. doi:
10.1176/appi.ajp.160.3.464
Spindelegger, C., Lanzenberger, R., Wadsak, W., Mien, L. K., Stein, P.,
Mitterhauser, M., et al. (2009). Influence of escitalopram treatment on 5-HT
1A receptor binding in limbic regions in patients with anxiety disorders. Mol.
Psychiatry 14, 1040–1050. doi: 10.1038/mp.2008.35
Spinelli, S., Chefer, S., Carson, R. E., Jagoda, E., Lang, L., Heilig, M., et al.
(2010). Effects of early-life stress on serotonin(1A) receptors in juvenile Rhesus
monkeys measured by positron emission tomography. Biol. Psychiatry 67,
1146–1153. doi: 10.1016/j.biopsych.2009.12.030
Stein, D., Weizman, A., Ring, A., and Barak, Y. (2006). Obstetric complications in
individuals diagnosed with autism and in healthy controls. Compr. Psychiatry
47, 69–75. doi: 10.1016/j.comppsych.2005.01.001
Stein, Z. A., Susser, M., Saenger, G., and Moraolla, F. (1975). Famine and Human
Development: The Dutch Hunger Winter of 1944-1945. New York, NY: Oxford
university press.
Stevens, J. R., Prince, J. B., Prager, L. M., and Stern, T. A. (2014). Psychotic
disorders in children and adolescents: a primer on contemporary evaluation
and management. Prim. Care Companion CNS Disord. 16, 1–99. doi:
10.4088/PCC.13f01514
Stewart, F. M., Freeman, D. J., Ramsay, J. E., Greer, I. A., Caslake, M., and
Ferrell, W. R. (2007). Longitudinal assessment of maternal endothelial function
and markers of inflammation and placental function throughout pregnancy
in lean and obese mothers. J. Clin. Endocrinol. Metab. 92, 969–975. doi:
10.1210/jc.2006-2083
Stice, E., Agras, W. S., and Hammer, L. D. (1999). Risk factors for the emergence of
childhood eating disturbances: a five-year prospective study. Int. J. Eat. Disord.
25, 375–387.
Stice, E., Yokum, S., Burger, K. S., Epstein, L. H., and Small, D. M. (2011).
Youth at risk for obesity show greater activation of striatal and somatosensory
regions to food. J. Neurosci. 31, 4360–4366. doi: 10.1523/JNEUROSCI.6604-
10.2011
Strauss, C., Lease, C., Kazdin, A., Dulcan, M., and Last, C. (1989).
Multimethod assessment of social competence of children with anxiety
disorders. J. Clin. Child Psychol. 18, 184–189. doi: 10.1207/s15374424jccp
1802_10
Sullivan, E. L., Grayson, B., Takahashi, D., Robertson, N., Maier, A., Bethea, C.
L., et al. (2010). Chronic consumption of a high-fat diet during pregnancy
causes perturbations in the serotonergic system and increased anxiety-like
behavior in nonhuman primate offspring. J. Neurosci. 30, 3826–3830. doi:
10.1523/JNEUROSCI.5560-09.2010
Sullivan, G. M., Mann, J. J., Oquendo, M. A., Lo, E. S., Cooper, T. B., and Gorman,
J. M. (2006). Low cerebrospinal fluid transthyretin levels in depression:
correlations with suicidal ideation and low serotonin function. Biol. Psychiatry
60, 500–506. doi: 10.1016/j.biopsych.2005.11.022
Sun, B., Song, L., Tamashiro, K. L., Moran, T. H., and Yan, J. (2014). Large
litter rearing improves leptin sensitivity and hypothalamic appetite markers
in offspring of rat dams fed high-fat diet during pregnancy and lactation.
Endocrinology 155, 3421–3433. doi: 10.1210/en.2014-1051
Tanda, R., Salsberry, P. J., Reagan, P. B., and Fang, M. Z. (2013). The impact of
prepregnancy obesity on children’s cognitive test scores. Matern. Child Health
J. 17, 222–229. doi: 10.1007/s10995-012-0964-4
Terness, P., Bauer, T. M., Rose, L., Dufter, C., Watzlik, A., Simon, H., et al. (2002).
Inhibition of allogeneic T cell proliferation by indoleamine 2,3-dioxygenase-
expressing dendritic cells: mediation of suppression by tryptophan metabolites.
J. Exp. Med. 196, 447–457. doi: 10.1084/jem.20020052
Tozuka, Y., Kumon, M., Wada, E., Onodera, M., Mochizuki, H., and Wada, K.
(2010). Maternal obesity impairs hippocampal BDNF production and spatial
learning performance in young mouse offspring. Neurochem. Int. 57, 235–247.
doi: 10.1016/j.neuint.2010.05.015
Van Lieshout, R. J., Robinson, M., and Boyle, M. H. (2013). Maternal pre-
pregnancy body mass index and internalizing and externalizing problems in
offspring. Can. J. Psychiatry 58, 151–159.
Visser, S. N., Danielson, M. L., Bitsko, R. H., Holbrook, J. R., Kogan, M. D.,
Ghandour, R. M., et al. (2014). Trends in the parent-report of health care
provider-diagnosed and medicated attention-deficit/hyperactivity disorder:
United States, 2003-2011. J. Am. Acad. Child Adolesc. Psychiatry 53, 34–46.e2.
doi: 10.1016/j.jaac.2013.09.001
Vucetic, Z., Kimmel, J., Totoki, K., Hollenbeck, E., and Reyes, T. M. (2010).
Maternal high-fat diet alters methylation and gene expression of dopamine
Frontiers in Neuroscience | www.frontiersin.org 15 June 2015 | Volume 9 | Article 194
Rivera et al. Maternal obesity and mental health
and opioid-related genes. Endocrinology 151, 4756–4764. doi: 10.1210/en.
2010-0505
Wallace, A. E., Anderson, G. M., and Dubrow, R. (2008). Obstetric and parental
psychiatric variables as potential predictors of autism severity. J. Autism Dev.
Disord. 38, 1542–1554. doi: 10.1007/s10803-007-0536-4
Wingate, M., Kirby, R. S., Pettygrove, S., Schulz, E., and Gosh, T. (2014). Prevalence
of Autism Spectrum Disorder Among Children Aged 8 Years – Autism and
Developmental Disabilities Monitoring Network, 11 sites, United States, 2010.
Morbidity and Mortality Weekly Report, Centers for Disease Control and
Prevention. 1–21.
Zanoli, P., Cannazza, G., and Baraldi, M. (2001). Prenatal exposure
to methyl mercury in rats: focus on changes in kynurenine
pathway. Brain Res. Bull. 55, 235–238. doi: 10.1016/S0361-9230(01)
00460-9
Ziauddeen, H., Farooqi, I. S., and Fletcher, P. C. (2012). Obesity and the brain:
how convincing is the addiction model? Nat. Rev. Neurosci. 13, 279–286. doi:
10.1038/nrn3212
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Rivera, Christiansen and Sullivan. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 16 June 2015 | Volume 9 | Article 194
